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ABSTRACT
We studied temporal changes of morphological and magnetic properties of a
succession of four confined flares followed by an eruptive flare using the high-
resolution New Solar Telescope (NST) operating at the Big Bear Solar Obser-
vatory (BBSO), Helioseismic and Magnetic Imager (HMI) magnetograms and
Atmospheric Image Assembly (AIA) EUV images provided by Solar Dynamics
Observatory (SDO). From the NST/Hα and the SDO/AIA 304 A˚ observations
we found that each flare developed a jet structure that evolved in a manner sim-
ilar to evolution of the blowout jet : 1) an inverted-Y shape jet appeared and
drifted away from its initial position; 2) jets formed a curtain-like structure that
consisted of many fine threads accompanied with subsequent brightenings near
the footpoints of the fine threads; and finally 3) the jet showed a twisted structure
visible near the flare maximum. Analysis of the HMI data showed that both the
negative magnetic flux and the magnetic helicity have been gradually increasing
in the positive polarity region indicating the continuous injection of magnetic
twist before and during the series of flares. Based on these results, we suggest
that the continuous emergence of twisted magnetic flux played an important role
in producing a successive flares and developing a series of blowout jets.
Subject headings: Sun: activity — Sun: chromosphere — Sun: corona — Sun: flares
— Sun: magnetic fields
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1. INTRODUCTION
A solar flare is one of the most remarkable eruptive events that vigorously releases
energy in a bursts-like manner and is often accompanied by a coronal mass ejection
(CME). Due to their impulsive and energetic behavior, many observational and theoretical
studies have been performed to understand their energy source and the trigger mechanism
(Aschwanden 2002; Shibata & Magara 2011, references therein).
Flux emergence carrying magnetic twist from solar interior out into the solar
atmosphere is known to play an important role in providing magnetic energy for flares.
Many observational studies reported the manifestation of magnetic twist injection in active
regions (ARs) prior to flares, such as sunspot rotation (Ishii et al. 1998; Brown et al. 2003;
Yan & Qu 2007; Kumar et al. 2013) and existence of high magnetic shear along polarity
inversion line (PIL; Brooks et al. 2003; Lim et al. 2010). the concept of magnetic helicity
as a measure of magnetic twist in ARs , has been introduced and used to quantitatively
describe this process. Many observational (Moon et al. 2002; Nindos & Andrews 2004;
LaBonte et al. 2007; Park et al. 2010) and theoretical (Kusano et al. 2003; Yokoyama et al.
2003; Pariat et al. 2009) studies showed the causal relationship between the injection
of magnetic helicity and the onset of flares. These studies suggest that once the total
accumulated amount of magnetic helicity in ARs exceeds the critical value necessary to
break down the stability of magnetic environment, flares occur releasing magnetic energy
out into the corona and the heliosphere.
The flux emergence is also considered to be one of the trigger mechanisms for flare
process . Heyvaerts et al. (1977) proposed a model in which solar flares occur in three
consecutive phases such as the pre-flare heating phase, the impulsive and flash phase, and
the main phase in terms of emerging magnetic loops inside or near ARs. In the model,
different types of flares, such as simple loop flares or two-ribbon flares occur based on
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the type of the pre-existing magnetic environment that interacts with the newly emerging
field. Magnetic flux carrying opposite polarity magnetic fields that emerges into (or near) a
unipolar region is one of the well-known precursors of flares (Zirin 1974; Wang & Shi 1993;
Fletcher et al. 2001; Masson et al. 2009; Wang et al. 2014). When the emerging closed and
twisted loops reconnect with the overlying open fields, the interchange type of reconnection
occurs thus enabling the twist to be transferred from the small-scale closed loops into the
large scale coronal structures Similar magnetic configuration is also often adopted in 3D
numerical simulations of magnetic reconnection along the quasi-separatrix layers (QSL;
De´moulin et al. 1997; Mandrini et al. 1997; Janvier et al. 2013; Mandrini et al. 2014). In
such models, continuous reconnection proceeds along the QSL where the field lines exchange
their connectivity with the neighboring fields resulting in an apparent slippage of newly
formed reconnected field lines (Aulanier et al. 2006; Masson et al. 2009; To¨ro¨k et al. 2009).
One noticeable observing signature of reconnection is a jet, i.e., plasma flows collimated
along the reconnected field line. Jet phenomena occurs on a variety of spatial and
temporal scales, ranging from granular size spicules (Beckers 1972) to chromospheric jets
(Shibata et al. 2007), Hα surges (Roy 1973), EUV jets (Brueckner & Bartoe 1983), and
X-ray jets (Shibata et al. 1992). Typical observed properties of a coronal jet are the
inverted Y-shape and the apparent lateral drift away from the associated bright point. Such
properties were successfully reproduced in numerical simulations of emerging closed field
into ambient open field (Yokoyama & Shibata 1996; Moreno-Insertis et al. 2008). Not only
the coronal jets but also many chromospheric surges and macro-spicules may be explained
by this magnetic configuration. Recently Moore et al. (2010) pointed out that one third
of observed polar X-ray jets are of a non-standard type. Using X-ray jet data acquired by
Hinode they classified these non-standard jets as “blowout jets”. They can be described as
miniature versions of the blowout eruptions similar to the major coronal mass ejections.
According to Moore et al. (2010), such jets are non-standard in the sense that the base
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arch does not remain static but erupts accompanied with a brightening in its interior, and
the jet’s spire has an extra strand rooted near the chromospheric bright point. In order
to understand such distinctive characteristics, Moore et al. (2010) suggested a modified
magnetic configuration that consists of a highly sheared core field of an emerging flux and
an additional adjacent open field. Although the blowout jet starts in the same way as the
standard jet, due to the high degree of magnetic twist in the emerging field a more complex
reconnection process, such as tether-cutting or breakout, can further develop in addition to
the initial interchange reconnection. Then a blowout eruption of the sheared core field can
be unleashed as a result.
In the scenario of Moore et al. (2010), the main component of the blowout jet is the
highly twisted emerging core field, so that a helical jet is expected to be observed. Similar
ejecta-related twisted jets were also detected in previous studies and interpreted as being a
result of reconnection between a twisted flux rope and the ambient field (Shibata et al. 1992;
Ohyama & Shibata 1998; Zhang et al. 2012; Nindos et al. 2015). According to Moore et al.
(2010), the removal of the outer layer of the emerging fields via reconnection is one possible
mechanism that may lead to the rise of the sheared core and future blowout eruption. This
breakout reconnection (Antiochos 1998; Moore & Sterling 2006; Karpen et al. 2012) may
occur with or without the rising core field when the external current sheet forms. Other
suggested possible mechanisms of the blowout eruption are MHD instabilities that may
develop in the core field such as kink instability (To¨ro¨k & Kliem 2004; Srivastava et al. 2010;
Kumar et al. 2012). When the magnetic twist of the core field exceeds a certain threshold,
for instance 1.25 turns in case of the uniformly twisted flux tube (Hood & Priest 1981), the
kink instability can be induced. Detailed high resolution multi-channel observations of the
lower atmosphere are required in order to understand how the sheared core field begins to
rise and leading to a blowout eruption.
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The high spatio-temporal resolution of the New Solar Telescope (NST; Goode et al.
2010) benefits the studies of fine structure of the pre-flare process or the initial phase of the
main flare, such as compact brightenings, jets, and chromospheric fine threads. In order
to understand the initiation and development of flares that we observed with the NST, we
studied the time evolution of magnetic and morphological characteristics in association
with flares.
2. OBSERVATIONS AND DATA ANALYSIS
The NOAA AR 11515 first appeared at the East limb in the southern hemisphere in
2012 June 27, and was located at (-110′′, -330′′) near the central meridian when the NST
observation began on July 2 (Figure 1). The adaptive optics (Cao et al. 2010a) aided NST
observations that lasted for uninterrupted 5 hours from 16:28 UT to 21:38 UT under a good
seeing condition. Photospheric images were acquired every 15 sec using the broadband
TiO filter imager (Cao et al. 2010b) working at 7057 A˚ with the pixel scale of 0′′.0375.
Chromospheric data were obtained using a 0.25 A˚ bandpass Zeiss Lyot birefringent Hα
filter by shifting the central wavelength of the filter between the Hα line center and the
−0.75 A˚ position from the line center. Different exposure times were used depending on
the wavelength while the time cadence was close to 10 sec. The pixel scale of the Hα data
is 0′′.0517. The speckle reconstruction was applied to both TiO and Hα data using the
Kiepenheuer-Institute Speckle Interferometry Package (KISIP; Wo¨ger et al. 2008) to obtain
the diffraction limited resolution of 0′′.11 at 7057 A˚ . Sample TiO and Hα images with the
cropped field of view (FOV) are displayed in the lower panel of Figure 1.
We also used the data from the Atmospheric Image Assembly (AIA; Lemen et al. 2012)
and the Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012; Schou et al. 2012)
onboard the Solar Dynamics Observatory (SDO; Pesnell et al. 2012). More specifically, the
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full-disk EUV images from AIA 171 A˚ and 304 A˚ channels with the pixel scale of 0′′.6 and
the time cadence of 12 sec were utilized to analyze the coronal structures, and the HMI
full-disk longitudinal magnetograms with the pixel scale of 0′′.5 and the cadence of 45 sec
were used to understand the time evolution of magnetic flux.
The injection rate of magnetic helicity via photosphere in the AR was measured using
HMI magnetograms and following the method described in Pariat et al. (2005). Firstly, the
flux density of the magnetic helicity, Gθ(x, t) was calculated as:
Gθ(x, t) = −
Bn
2pi
∫
SE
(
x− x′
|x− x′|2
× [u− u′])nB
′
ndS
′, (1)
where the subscript n indicates the vertical component of the magnetic field Bn, and SE is
the entire photospheric surface of the AR, while u is the velocity of the apparent horizontal
motion of the magnetic footpoints obtained by the Differential Affine Velocity Estimator
method (DAVE; Schuck 2006). Then the accumulated amount of injected magnetic helicity
was determined by integrating Gθ(x, t) over the entire area the area and the studied time
interval.
3. RESULTS
As shown in Figure 1, the NOAA AR 11515 has a complex magnetic field configuration.
While its trailing part had only negative polarity fields, the leading part consisted of both
positive and negative flux. This complexity of the leading part is also evident in the
AIA 171A˚ image. While the majority of large scale coronal loops were connecting the
positive and negative fluxes of the leading and trailing parts, there also existed relatively
smaller loops connecting the positive and negative elements within the leading part.
Because of the complexity of the magnetic structures, this AR produced total of 11 flares,
including 2 M-class flares, only on July 2, and 5 of them, including a M3.8 flare, were
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detected by the NST during the 5-hour observing run. All of these 5 flares occurred in the
leading part, more precisely within the region outlined by the black square in the upper
panel of Figure 1. This AR continued to produce plenty of C and M-class flares on the
following days until it turned over the west limb.
When we only consider the leading part, the TiO image in the lower panel shows that
this region consisted of four positive polarity sunspots and one of them was outside of the
FOV, and a number of pores with the negative polarity. We will refer to some of these
sunspots and pores as either “P” or “N” depending on their magnetic polarity i.e., positive
or negative, respectively. If we focus on the negative flux region within the white box
surrounded by sunspots P1, 2, and 3 (Figure 1, lower left panel), we can see many granules
of abnormally narrow shape some of which are indicated by the black arrow. Most of them
are elongated along the direction connecting the positive sunspot P1 and the negative pore
N1. The dark threads seen in the Hα image (white arrow, Figure 1, lower right panel) are
also lying along the direction connecting P1 and N1. Such dark, long threads observed
in the Hα image represent relatively horizontal magnetic fields in the chromosphere while
more vertical fields are shown as short spike-like structures. Both TiO and Hα data indicate
the existence of a horizontal field in the lower atmosphere connecting these two polarities.
For better visualization we cropped and zoomed-in this region and displayed it
in Figure 2. These elongated granules are co-spatial with the photospheric transverse
magnetic field, whose total strength
√
B
2
x +B
2
y = 400 G is represented by green contours
in the figure. The development of such elongated granules is an observational evidence
of emergence of horizontal magnetic fields through the photosphere (Schlichenmaier et al.
2010a,b; Lim et al. 2011). The distribution of the inclination angle of the magnetic field
vector obtained from the Milne-Eddington inversion of the HMI vector magnetogram
(right panel) also indicates the existence of the horizontal magnetic field with the average
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inclination angle of about 103◦. Moreover, the elongation of both negative and positive
magnetic fragments shown in the HMI magnetogram in Figures 1 and 3 also suggests that
the newly emerging negative magnetic field is more horizontal closer to the photosphere at
this instance (Cheung et al. 2007, 2008; Stein et al. 2011).
Figure 3 shows the evolution of the negative flux in the leading part. For the sake
of clarity we name this region as the “emerging flux region (EFR)”. Although we are
interested in the emergence of the negative flux, term “EFR” refers to a larger FOV covering
not only the emerging negative flux but also the adjacent positive flux to which it connects.
We can see that small patches of negative and positive flux first appear south-west of the
positive spot at around 12:00 UT on July 1 and they immediately began to diverge from
each other as they kept emerging. While the positive polarity patches mostly remained near
the periphery of the positive polarity sunspot, the negative polarity patches continuously
migrated in the south-east direction toward another positive sunspot, P3. From the figure,
we can also see that the negative flux elements as they emerge move along a path that curls
clockwise around the positive spot P1 rather than moving in the radial direction away from
the spot. This signature indicates that the emerging flux is far from being potential and it
carries significant amount of negative magnetic helicity.
We measured the temporal change of the magnetic flux over the entire AR and within
the EFR during two days starting from July 1. Figure 4 shows that both positive and
negative flux showed gradual increase during the investigated time period. Thus, the total
positive and negative flux of positive and negative polarity in the AR increased in absolute
value by 46.7 × 1020 Mx and 39.9 × 1020 Mx, respectively. The 15% imbalance between
two polarities may be due to various reason such as the different field inclinations over
the polarities, flux leaving the FOV, or slow cancellation at one footpoint. Note that only
the line-of-sight magnetic field is used in this computation. The negative flux in the EFR
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(bottom panel) continued to increase until 21:00 UT on July 2 by 13.4× 1020 Mx, which is
34% of the total increase of the negative flux in the entire AR. The flux-time profile in the
bottom panel shows a nearly linear growth within three time intervals with the increase
rate being slightly different for each of those intervals. The averaged increase rate for the
negative flux in EFR is −0.33× 1020 Mx hr−1.
The peak times for all the flares that occurred in the EFR provided by the GOES-15
satellite are indicated by the vertical lines, with the dashed/solid lines representing
C-class/M-class flares. Interestingly, the C-class flares have been following nearly every 2
hour up until an M5.6 flare has initiated at 10:51 UT on July 2. After a 6-hour long quiet
period another series of C-class flares was observed with the flares occurring every 1 hour,
which was again followed by an M3.8 flare at 20:07 UT. We speculate that such repeating
pattern of flare occurrence is related to the persistent flux emergence in the EFR.
The overall progress of three C-class and one M-class flares was investigated in this
study through the AIA 304 A˚ data. The first C2.0 flare was excluded from the analysis
since its initial phase was not covered by NST observations. Figure 5 shows the initial,
main and the final phases of each of the C-class flares, while the M-class flare is represented
by 4 images that well describe the initiation and the eruption process. The brightening and
the morphological change of the loop system associated with the flares are better visible
in AIA 304A˚ than in AIA 171A˚ indicating that the associated temperature is relatively
low. The comparison of the selected images for each C-class flare revealed that they all
have similar morphological properties, i.e., they are homologous. These flares start as a
brightening near the negative flux N1 (blue contour) accompanied by dark and bright jets.
Then the bright area is extended toward the positive flux P1 (yellow contour) with jets that
are slightly drifting in the same direction. The early brightenings near N1 appear a few
minutes before the main flare begins near P1. These homologous properties of recurring
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C-class flares suggest that this series of C-class flares was initiated by the same mechanism
and they proceeded according to the same scenario.
In addition, the images in the top panel of Figure 5 show the presence of a dark
loop-like structure (white arrows in the top panel) with one foot anchored at P1 and the
other near N1. This structure was clearly seen during the C7.4 flare, then began to rise
just after the C2.5 flare with complex brightenings developing underneath it. During
the C2.5 flare, the brightening below the dark structure expanded slowly occupying the
region between P1 and N1 (Figure 5, at 19:47:20 UT). Starting at about 19:50 UT the
structure became destabilized and began to expand followed by the brightening until
20:02 UT. Considering the location of this AR (0′′,−320′′), such expansion and motion in
the south-west direction can be regarded as the upward motion, in other words, gradual
eruption . It seems that the initiation of the rising motion of this dark structure was closely
related to the underneath brightenings. However the details of this process was not well
resolved from the AIA data. The onset of the M3.8 flare was co-temporal with the eruption
of the bright material that formed a transient helical shape (bottom panel in Figure 5,
also see the movie). Although the sense of twist of the erupted helical structure can not
be readily distinguished from the image due to both projection effect and overlapping jet,
we could infer the sign of the twist based on the rotation of the helical structure during
the eruption. Careful examination of the AIA 304A˚ movie revealed that the erupted helical
structure was rotating counterclockwise. This is consistent with the untwisting motion
of the left-handed twist (Kumar & Cho 2014). Moreover, the shape of dark and bright
sub-threads of the rising loop-like structure (indicated by an arrow at 19:58:32 UT) also
indicates that the loop-like structure itself has the left-handed twist. The rotating helical
structure of the erupting jet is a clear observational evidence of releasing magnetic twist
through eruption.
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The dynamics of the dark loop-like structure followed by bright material was traced
along the slit represented by the white line in the figure. The corresponding space-time
plot (Figure 6) shows a well distinguished track of the dark loop-like structure (indicated
by black arrows). It displays a slow rise for the first 12 minutes, and sudden acceleration
for about 3 minutes afterwards. The linear fit to the track yielded the speed of 11 km s−1
during the slow rise, and 113 km s−1 during the acceleration phase. After about of
14 minutes, only a trace of the bright material can be distinguished in the plot yielding
the speed of 401 km s−1. Although the speed inferred from this space-time plot may
be underestimated due to the projection effect, the inferred values of 113 km s−1 and
401 km s−1 are consistent with the rising speeds of prominences (McCauley et al. 2015) and
coronal jets (Shimojo et al. 1996; Patsourakos et al. 2008).
Activities related to the flares observed in the chromosphere were also investigated
using the NST Hα data. Due to the limited FOV, mostly early phase of each flare that
occurred near N1 was recorded by the NST. Although the main flaring region near P1 was
outside the NST FOV, the high resolution data captured the details of the pre-flare and
initial phases of the flares that were not resolved with the AIA instruments. Among the
three C-class flares that showed similar aspects of evolution, only the C3.7 flare is described
in this paper since it showed the dynamics of the related fine structures most clearly.
Figure 7 shows the successive Hα − 0.7 A˚ images covering the C3.7 flare. The green
overplotted curve represents the PIL. At 17:24:38 UT, about 18 minutes before the flare
onset, a tiny bright point appeared near the PIL (indicated by an arrow) and was later
accompanied by a dark jet (17:33:54 UT). A few minutes later the dark jet split into two
parts, one of which remained stationary while the other one slowly drifted toward the
north-west as shown in 17:36:46 UT and subsequent images. Interestingly, due to bending
of the drifting part, the overall shape of this jet became inverted Y (from the root to top
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of the jet). The inverted Y-shaped drifting jet is very similar to the coronal jets produced
via magnetic reconnection between emerging closed fields and the ambient open field
(Shibata et al. 1992; Savcheva et al. 2007, 2009; Moore et al. 2010). Note that the bright
point near N1 and the inverted Y-shape jet first appeared well before the main C3.7 flare.
These observations strongly indicate that magnetic reconnection similar to that associated
with a coronal jet took place at the chromospheric level before the onset of main C-class
flare. (Kim et al. 2001; Shibata et al. 2007).
Subsequent images in Figure 7 show that this Hα jet that first appeared at the pre-flare
phase and continued to evolve developing morphological properties of so-called blowout
jet. As the leading strand of the inverted-Y jet drifted laterally, a curtain-like structure
consisting of many fine threads formed brightenings near its footpoints (yellow curves; at
17:43:52 UT). These threads were not well distinguished in the AIA data, but only the
outer edges were seen as two strands of the jet. The brightening area near the footpoints
was expanding north-westward toward P1 as the leading strand drifted in the same
direction. Except for the fine scale threads, similar properties such as double-strand jets
and complex brightenings at the base arch were also reported by Moore et al. (2010) from
their observations on blowout jets. As pointed out by these authors, such properties cannot
be explained by the standard jet model. Moreover, the curtain-like threads with sequential
brightenings near their footpoints gave us an impression that a chain of reconnection
events may have taken place and each of these threads is a plasma flow collimated along
the reconnected magnetic field. At 17:50:12 UT near the peak time of the C3.7 flare, the
leading strand of the jet became much darker and displayed a twisted structure near its
root (inside the dashed oval). As it was in the case of the erupting helical structure during
the M3.8 flare, this Hα twisted structure also showed both the left-handed twist of fine
threads in the image and the counterclockwise rotation in the movie.
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We measured the apparent lateral motion of the observed jet along the slit normal to
the jet axis (white line in Figure 7). As shown in Figure 8, the leading strand of the jet
began to drift at around t=10 minute (i.e., 17:34 UT), and then accelerated at around
t=21 minute. The speed of the jet’s apparent lateral motion obtained via a linear fit
was found to be 9.9 km s−1 before t=21 minute, then increased to 19.3 km s−1, which is
comparable to the chromospheric Alfve´n speed. The main C3.7 flare began at 17:42 UT,
and reached its maximum at 17:50 UT. That is, the enhancement of the jet’s lateral drift is
nearly co-temporal with the onset of the main flare. Because of the development of the Hα
brightening and the rotating twisted structure near the root of the jet, the leading strand
became too faint and complex to follow after t=25 minute. The apparent lateral motion
of the jet may be projection of real motion that is a combination of pure horizontal and
vertical component. Note that the dark jet is detected in the blue-wing of the Hα at −0.7 A˚
from the line center, indicating that it has upward velocity component of at least 30 km s−1.
We used the amount of magnetic helicity injected through the photosphere during
two days as a proxy of magnetic energy accumulation in the AR. Since the EFR is the
main source region for the observed flares, the helicity injection within the EFR was also
measured. In Figure 9, the accumulated amount of helicity injected in the entire AR (black
dashed curve) and in the EFR (black solid curve) is compared to the unsigned magnetic
flux. As evident from the plot, the sign of the magnetic helicity in both the AR and the
EFR is negative and is consistent with the sign of twist inferred from the erupting helical
structure at the onset of the M-class flare (Figure 5) and the twisted Hα jet (Figure 7).
The negative sense of twist is also consistent with the sign inferred from the trajectory
of the negative footpoint of the emerging flux that moved whirling clockwise around P1
(Figure 3). The total amount of magnetic helicity accumulated in the EFR during 2 days
is −4.75 × 1042 Mx2 which is large enough to produce two flare associated CMEs (DeVore
2000) even without considering the content of the magnetic helicity in the pre-existing
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coronal field. According to the LASCO CME catalogue 1, both M-class flares on July 2 (see
Figure 4) were related to CME eruptions. This analysis indicates that the newly emerging
flux in the EFR carried enough of magnetic twist required to power two moderate sized
eruptions.
4. SUMMARY AND DISCUSSIONS
Using 5-hour long NST and SDO observations of an emerging flux region in NOAA
11515, we studied a series of four homologous C-class flares that recurred approximately
every 1 hour followed by an M-class flare with an erupting helical structure. All the C-class
flares showed similar morphological properties such as: 1) appearance of a relatively weak
bright point between the emerging negative flux and the pre-existing positive flux; 2)
development of an inverted Y-shape jet several minutes before the onset of the main flare;
3) splitting of the jet into two strands, with one drifting away and the other one remaining
stationary; 4) appearance and expansion of a brightening near the footpoint of the drifting
strand. The NST/Hα data taken for the C3.7 flare showed that: 1) the jet had a curtain-like
structure that consisted of many fine scale threads; 2) a small brightening formed near the
footpoint of each thread; and 3) during the flare maximum a twisted structure is developed
in the lower part of the visible jet.
The confined C-class flares accompanying jets developed in a manner reminiscent of
the blowout jets described in Moore et al. (2010). First, the brightening at the jet footpoint
did not remain stationary near the initial location but expanded as some of the jet’s strands
drifted away. Second, a number of additional fine-scale threads appeared behind the drifting
strands forming a curtain-like structure. The expanding brightening in higher resolution
1http://cdaw.gsfc.nasa.gov/CME list
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data turned out to be located at the footpoint of each fine thread. This curtain-like
structure was also described in Moore et al. (2010), but its fine structure was not clearly
resolved. Since these observed properties can not be explained by the well-known model of
standard coronal jets, Moore et al. (2010) proposed that a highly twisted core field exists in
the base arch of the jet thus enabling the the jet to evolve in a way similar to the blowout
CME eruption. Although the jets studied by Moore et al. (2010) were mostly X-ray jets
emanating from a coronal hole, the explanation can be also applied to our observations
based on the morphological similarities and the configuration of the photospheric magnetic
field. Moreover, measurements of the magnetic helicity injection rate in the flux emergence
region strongly support the idea that the emerging magnetic field can indeed be described
as a highly sheared core fields.
The NST/Hα data indicates that the magnetic reconnection at the initial phase of
each C-class flare took place in the chromosphere or the lower transition region. Although
the lateral extension of the emerging field was about 30 Mm, it appears that this field was
flattened near the surface as it emerged mainly because the strong overlying canopy fields
may have prevented it from freely expanding into the atmosphere (Lim et al. 2013). The
elongated TiO granules, the elongated shape of complex negative and positive magnetic
patches seen in HMI magnetograms, and large average inclination angle of 103◦ all support
this idea. Moore et al. (2010) also argued that the reconnection relevant to blowout jets
takes place at the lower height inside the base arch of emerging field.
Our proposed interpretation of observed events is based on the NST/Hα observations
and is shown in Figure 10. This is similar to the one proposed by Moore et al. (2010), but
slightly modified to reflect particularity of the observations. In the cartoon, pre-existing
open field lines are represented by black curves and the emerging closed field lines are
plotted with green curves. The undulating shape of the green lines signifies the magnetic
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twist carried out by the emerging fields. The left panel shows the initiation of the jet near
the bright point during the pre-flare phase. The emerging closed fields connecting P1 and
N1 reconnect with the ambient open fields rooted in P3 (marked by the X) as the negative
flux N1 collides with the positive P3. Field lines before/after the reconnection are shown
in gray/red. This picture explains the first and the second panel of Figure 7. It seems that
reconnection between N1 and P3 continuously proceeded during our observations. The
brightpoint with dark ejecta was always present in the AIA and Hα FOV during all five
flare events. We suggest that this continuous reconnection peeled-off the outer layer of the
emerging field thus releasing the higher twisted core fields. The peel-off process can also
explain the formation of the curtain-like structure consisting of fine threads shown in the
Hα data.
The right panel shows that the newly formed kinked orange field line drifts away from
the reconnection site due to magnetic tension. The magnetic twist that the emerging fields
carried out is transferred to open field lines via the interchange reconnection process as
evidenced from the detected apparent rotating motion of the Hα jet in Figure 7. Also, the
schematic cartoon shows that sheared closed field slightly expanded and reconnected with
overlying field from P2. We suggest that the process of removing of the overlying fields
facilitates the expansion of the core fields upward toward an unstable state.
As pointed out by Moore et al. (2010), the key component of the the magnetic
configuration relevant to blowout jets is an emergence of highly sheared magnetic flux,
which is the main source of magnetic energy required for the eruption. They suggested
that as the flux emergence continues, the sheared core field will expand and evolve but
remain in the equilibrium as long as the stabilizing force (in our case the overlying canopy
fields) are strong enough to counter the expanding sheared fields. This equilibrium state
can be broken by a reconnection process occurring either under the expanding flux (i.e.,
– 18 –
“tether cutting”) or above it (“the breakout”). In this case, the peeling-off observed here is
a signature of the breakout process when the overlying fields were gradually removed from
above and the stabilizing force holding down the emerging flux slowly weakened. Generally
speaking the tether cutting reconnection could have proceeded along with the observed
breakout (Kliem et al. 2014), however, the relatively small-scale of the erupted fields and
enhanced chromospheric activity did not allow us to make any reliable inference. At this
moment of evolution the sheared core fields may begin a slow rise and further expansion
to adapt to the new magnetic configuration, while the continuous emergence further fuels
the breakout reconnection. When the overlying stabilizing fields weaken below a critical
level either torus or kink instability may set in which will cause the core fields to rapidly
accelerate and erupt. This kind of speed profile was detected in our data. We did not detect
in our data any signatures of loop writhing, which is the well-known observational sign of
kink instability. The torus instability does not have any specific and unique signatures
which would help us to easily identify it. However, the removal of the overlying fields, slow
rise and expansion of the core fields, and absence of writhing all indicate an involvement
of torus instability in the eruption process (Aulanier et al. 2010). We thus interpret the
series of flares reported here as being driven by continuous flux emergence accompanied by
magnetic breakout and followed by an eruption triggered by torus instability.
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Fig. 1.— Active region overview just before the C3.7 flare onset. SDO/HMI (upper-left)
and AIA 171 A˚ (upper-right) images show the entire active region. NST/TiO (lower-left)
and Hα (lower-right) data have the same field of view (FOV) as the black squares in the
top panels. Contours with purple, blue and red colors represent the longitudinal magnetic
field strength of [−1000,−500, 1000 G], respectively. The polarity inversion line (PIL) is
overplotted on the NST data as a green color curve. The positive sunspots are referred as a
letter ‘P’ and the negative as ‘N’. The cutout TiO image within the white box is enlarged
in the Figure. 2
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Fig. 2.— TiO image within the white box in the Figure. 1 (left) and the distribution of
the inclination angle that was computed from the HMI vector magnetogram by applying
the Milne-Eddington (ME) inversion (right). Both green and black contours in each panel
represent the total transverse magnetic field strength,
√
B
2
x +B
2
y, of 400 G. ME inverted
HMI vector magnetograms are provided by the SDO. Some of elongated granules detected
in the TiO images are pointed by the black arrow.
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Fig. 3.— SDO/HMI longitudinal magnetograms showing the emergence of the negative flux
in the leading part of the active region for two days. The interval between two tick marks
corresponds to 10′′.
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Fig. 4.— Temporal change of the total positive (top: solid curve) and negative (top: dashed
curve) flux of the entire active region (top) and the negative flux within the EFR (bottom).
Shaded rectangular area marks the NST observations time interval, and the dashed/solid
vertical lines represent the maximum time of each C/M-class flares occurred in the EFR.
The line segments in the bottom plot represent the linear fit of the negative flux injection
rate. The averaged rate is estimated as −0.33× 1020Mx hr−1.
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Fig. 5.— Top: AIA 304 images selected at the initial, main and the final phase of each C-class
flare that occurred during the NST observations. Magnetic field contours are overplotted
at levels of ±1000 G with yellow (positive) and blue (negative) colors. Bottom: AIA 304
images showing eruption with the M3.8 flare. The white line indicates the slit along which
the space-time plot was computed. White arrows in both top and bottom panels indicate
dark, filament-like structure that erupted during the M3.8 flare. (An animation is available
in the online journal.)
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Fig. 6.— Space-time plot computed along the slit shown in Figure 5. The track of the dark
filament is pointed by black arrows, and the values of speed measured from the linear fit for
each time intervals are indicated.
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Fig. 7.— Time series of NST Hα − 0.7 A˚ images for C3.7 flare. A green curve in the first
panel represents the PIL, and a white line represents the slit position along which the space-
time plot was computed. Yellow curves indicate the position of sequential brightenings near
the footpoints of curtain-like structure. (An animation is available in the online journal.)
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Fig. 8.— Space-time plot computed along the slit displayed in Figure 7.
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Fig. 9.— Temporal change of magnetic helicity injected in the entire active region/EFR
(black dashed/solid curves) and the unsigned longitudinal flux in the active region/EFR
(blue dashed/solid curves).
– 34 –
Fig. 10.— Schematic illustration of the magnetic field configuration in the EFR, with the
same notations of ‘P’ and ‘N’ as in other figures and the text. Green lines represent emerg-
ing closed field and black lines represent open field. The undulating shape of green lines
represents the magnetic twist of the closed field. Field lines before/after the reconnection
(marked by the X) are expressed in gray/red, respectively. Left: the initiation of the jet
during the pre-flare phase. The emerging closed fields connecting P1 and N1 reconnect with
the ambient open fields rooted in P3 as the negative flux N1 collides with the positive P3.
Right: previously reconnected orange field line drifts away from the reconnection site due
to magnetic tension. The magnetic twist that the emerging fields carried out is transferred
to open field lines. Also, the sheared closed field slightly expanded and reconnected with
overlying field from P2.
